To use progenitor cells isolated from the neural retina for transplantation studies in mice with retinal degeneration. METHODS. Retinal progenitor cells from postnatal day 1 green fluorescent protein-transgenic mice were isolated and characterized. These cells can be expanded greatly in culture and express markers characteristic of neural progenitor cells and/or retinal development. RESULTS. After they were grafted to the degenerating retina of mature mice, a subset of the retinal progenitor cells developed into mature neurons, including presumptive photoreceptors expressing recoverin, rhodopsin, or cone opsin. In rho Ϫ/Ϫ hosts, there was rescue of cells in the outer nuclear layer (ONL), along with widespread integration of donor cells into the inner retina, and recipient mice showed improved lightmediated behavior compared with control animals. CONCLUSIONS. These findings have implications for the treatment of retinal degeneration, in which neuronal replacement and photoreceptor rescue are major therapeutic goals. (Invest Ophthalmol Vis Sci.
R
etinal degeneration has many clinically recognized forms and an even greater number of underlying causes.
1,2 A feature common to this heterogeneous group of diseases is photoreceptor loss, resulting in an irreversible decline in visual function. These conditions currently are a substantial source of visual morbidity, and there is a clear need for the development of effective therapeutic strategies. One approach that has been explored is the transplantation of tissue or cells to the diseased eye. Whereas ocular transplantation has long been known to restore visually mediated behavior in lower vertebrates, 3 retinal transplantation initially showed promise in mammals as the result of an experimental approach specifically designed to demonstrate graft-host connectivity. In this model, an embryonic retina transplanted to the brain stem of a rat drove a simple visual function in response to light. 4, 5 Efforts to extend this work to intraocular transplants led to clear demonstrations of graft survival and morphologic development, yet persistent difficulty establishing substantial graft-host connectivity. 6 -9 The paucity of connections has frequently been attributed to the formation of a reactive glial barrier to regeneration. 10, 11 Nevertheless, delayed degeneration of cones after transplantation of cells or tissue to the retina has been reported and is of potential clinical relevance. 12, 13 Transplanted neural progenitor cells have recently been shown to migrate extensively throughout the degenerating mammalian retina, differentiate into neurons, and extend processes into the plexiform and nerve fiber layers, as well as the optic nerve.
14 These findings show the neural progenitor cell (NPC) to be a novel type of donor cell with properties of particular interest in the setting of retinal transplantation. NPCs express a range of markers associated with developmental immaturity, and exhibit multipotency-that is, give rise to the neurons and glia that comprise the respective central nervous system (CNS) compartment from which they are derived. [15] [16] [17] In brain and spinal cord, the expected progeny are neurons, astrocytes, and oligodendrocytes. In the retina, the complement of expected neurons specifically includes photoreceptors, whereas the glial population excludes oligodendrocytes. The relevance of compartment-specific lineage considerations to experimental photoreceptor replacement is indicated by the apparent inability of brain-derived progenitors to differentiate fully into mature photoreceptors after transplantation to the mature mammalian retina. 14 In contrast, functional benefits have been reported after the transplantation of brain-derived CNS progenitors to animal models in both brain 18 and spinal cord. 19, 20 In the present study, we isolated and characterized multipotent progenitor cells from the neural retina of green fluorescent protein (GFP)-transgenic mice. We examined the expression of retina-specific markers by these cells and evaluated the extent of morphologic integration and host photoreceptor rescue, as well as the impact on visual behavior, after transplantation to the retina of mice with retinal degeneration.
METHODS

Mice and Cells
All experiments were performed with strict adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the Schepens Eye Research Institute Animal Care and Use Committee. C57BL/6 rho Ϫ/Ϫ mice at 4 weeks of age (n ϭ 12) or C3H rd mice at 4 weeks of age (n ϭ 4), were used as recipients. Retinal progenitor cells (RPCs) were isolated from pooled retinas of postnatal day 1 eGFP transgenic C57Bl/6 mice (gift from Masaru Okabe, University of Osaka, Japan). Retinas were surgically removed, and the ciliary marginal zone and optic nerve head dissected. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
into culture vessels in enzyme-inhibiting medium (Neurobasal; Invitrogen-Gibco, Rockville, MD) supplemented with 2 mM L-glutamine, 100 g/mL penicillin-streptomycin, 20 ng/mL epidermal growth factor (EGF; Promega, Madison, WI), and a neural supplement (B27; Invitrogen-Gibco). This cycle was repeated until all retinal tissue was digested. Cells were refed on alternating days. Within 2 to 3 weeks, RPCs were visible as nonadherent spheres and continued to expand in the presence of EGF. Cultures were split 1:5 every 7 to 10 days. Although capable of expansion through more than 60 passages, cells of less than 20 passages were used in this study.
Differentiation and Characterization of RPCs In Vitro
To examine the differentiation of RPCs in vitro, retinal spheres were seeded onto glass coverslips in the enzyme inhibiting medium containing either EGF or 10% fetal bovine serum (FBS) grown for 1 week and then fixed with 4% paraformaldehyde. Coverslips were blocked in PBS containing 1% bovine serum albumin and Triton X-100 for 30 minutes and incubated with primary antibodies for 2 hours at room temperature. Cells were examined for the following progenitor cell markers: nestin (1:1; DSHB, University of Iowa, Iowa City, IA), Ki-67 diluted (1:100; Vector Laboratories, Burlingame, CA) and for the mature neuronal or retinal markers: MAP2 (1:500; Sigma-Aldrich), NF200 (1:1000; Sigma-Aldrich), GFAP (1:50; Zymed Laboratories, South San Francisco, CA), recoverin (1:2000; gift of Alexander Dhizoor), and rhodopsin (2D4, 1:400, gift of Robert Molday). After incubation with primary antibodies, the coverslips were washed in PBS and then incubated for 1 hour with species-specific IgG conjugated to Cy3 (1:150; Jackson ImmunoResearch Laboratories, West Grove, PA). Coverslips were mounted onto glass slides and visualized by fluorescence microscope (Eclipse; Nikon, Tokyo, Japan).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted using a kit (Purescript RNA Isolation Kit; Gentra, Minneapolis, MN), according to the manufacturer's instructions. The extracted RNA was treated with DNase (DNA-free; Ambion, Austin, TX) to remove any contaminating DNA. Reverse transcription was performed with Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen, San Diego, CA) using 2 L RNA in a final volume of 20 L. Primers were chosen to flank at least one intron whenever possible (see Fig. 3 ). PCR was performed with 2.7 L cDNA template, 0.7 L forward and reverse primers (0.5 g/L; Qiagen, Valencia, CA), and 1.25 U Taq DNA polymerase (Amersham, Piscataway, NJ) on a thermocycler (Genius; Techne, Princeton, NJ). Four minutes at 94°C was followed by 30 cycles that consisted of 1 minute at 94°C, 1 minute at the annealing temperature corresponding to the primers used (Fig. 3) , and 1 minute at 72°C. The final extension reaction was performed for 7 minutes at 72°C. PCR products were visualized on a 2% agarose gel against a 100-bp ladder. Negative controls included RNA, but no reverse transcriptase, to ensure that the PCR product was not amplified from genomic DNA.
Flow Cytometry
Antibodies against CD9, CD15, and CD81 were obtained from BDPharmingen (San Diego, CA), as was the PE-conjugated sheep antimouse secondary and mineral oil-induced plasmacytoma clone 21 (MOPC) (mouse IgG) used as a control. Anti-GD 2 ganglioside was obtained from U.S. Biological (Swampscott, MA). (Manufacturer's suggested concentrations were used for mAbs, except anti-GD 2 for which 15 L neat [0.25 mg/mL] was used, based on titration.) After incubation in the dark for 20 minutes, cells were washed with 2 mL PBS and the PE-conjugated secondary added. Samples were allowed to incubate in the dark for an additional 15 minutes and again washed before being resuspended in 200 L of PBS containing 7-amino actinomycin D (1 g/mL).
Cell Preparation, Surgery, and Transplantation
Before transplantation, small (50 -100 m diameter) GFP-expressing retinal progenitor spheres were collected, centrifuged at 850 rpm, and resuspended in 200 L of Hanks' balanced salt solution (HBSS) containing 20 ng/mL EGF.
Mice were deeply anesthetized with an intraperitoneal injection of ketamine (5 mg/kg) and xylazine (10 mg/kg), and the pupils dilated with topical 1% tropicamide to view the fundus. Under transpupillary observation using a binocular surgical microscope, we injected 1 L HBSS containing RPC neurospheres (approximately 50,000 cells) transsclerally into the subretinal space of the eye, as has been described 21 . Alternatively, mouse fibroblasts (n ϭ 5) or the carrier solution alone (sham, n ϭ 5) were injected as the control. All injections were made using a beveled glass micropipette (internal diameter, 150 m) connected by polyethylene tubing to a 50-L syringe (Hamilton, Reno, NV). We monitored the survival and placement of the grafted cells in vivo by viewing the ocular fundus through a contact lens with a dissecting epifluorescence microscope (Nikon).
Tissue Preparation and Histology
The C3H mice receiving RPC transplants were killed at 4 weeks after transplantation. C57Bl/6 rho Ϫ/Ϫ mice were used for behavioral assessment and were killed after testing was completed (group 1, 8 weeks; group 2, 25 weeks). The eyes were fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose in 0.1% phosphate buffer, and sectioned at 10 m on a cryostat. To examine whether the transplants developed into cells expressing photoreceptor markers and to evaluate the survival of host photoreceptors, tissue sections were immunostained for recoverin (a marker for rod and cone photoreceptors and some conebipolar cells) rhodopsin (rod photoreceptors), or cone opsin (cone photoreceptors), followed by reaction with Cy3-conjugated secondary antibody. Sections were examined with conventional and confocal microscopy.
Behavioral Testing
Two groups of mice were used in this experiment: Group 1 was examined 8 weeks after transplantation, and group 2 was tested 25 weeks after transplantation. Group 1 contained four congenic eGFP mice, five control-treated rho Ϫ/Ϫ dystrophic mice, and 8 RPC-transplanted rho Ϫ/Ϫ dystrophic mice. Group 2 contained two congenic eGFP mice, two control-treated rho Ϫ/Ϫ dystrophic mice, and four RPC-transplant recipient rho Ϫ/Ϫ dystrophic mice. In group 1, the control animals received media alone, whereas in group 2 the control animals received fibroblasts. Animals were placed in individual cages with exercise wheels at least 24 hours before testing. The number of wheel revolutions was stored digitally in 10-minute bins. The sequence of testing was as follows: The animals were on 12-12 light-dark cycle. Three hours after the beginning of the dark cycle, a light (150-W halogen bulb) of controlled intensity was presented to all cages.
Statistical Analysis of Behavioral and Anatomic Data
Total exercise wheel running was calculated for the 1-hour period of the light stimulus, and baseline activity calculated for the same circadian period in the absence of a light stimulus. A separate analysis of variance was performed for each group, with factor analysis examined by post hoc Student-Newman-Keuls test.
To quantify photoreceptor survival in rho Ϫ/Ϫ recipients, we counted recoverin-positive cells in the outer nuclear layer, excluding donor-derived GFP ϩ cells (thus host rods and cones). Photoreceptors were counted within a 16 ϫ 16-m 2 (256 m 2 ) graticule at 40ϫ, and the density of photoreceptors expressed as the number of photoreceptors per square micrometer. A 5 ϫ 5-matrix of photoreceptor density was derived from each retina. Image management software (MatLab; MathWorks, Natick MA) was used to produce the threedimensional (3-D) figures, with each plot made using the command "surf" performed on the 5 ϫ 5 matrix of photoreceptor or RPC density for each eye. Plots were smoothed using the command "shading interp", which interpolates the end or corner values.
To measure the effect of RPC transplantation on photoreceptor survival, we performed a comparison between the density of photoreceptors in the treated right eye versus the untreated left eye in each mouse. Each density value was taken as a sample originating from a Gaussian distribution. Thus, all the 25 sampled values in the right eye had a corresponding sampled value in the left eye. A related-samples t-test was performed between the right and left eye distributions to test for a significant difference in their means.
To correlate photoreceptor survival and RPC grafts, photoreceptor density, and mean graft sizes corresponding to the location on the retina were plotted on a two-dimensional graph. A Pearson r correlation coefficient was calculated for every mouse with more than 10 nonzero mean graft values. The significance of r was calculated for n ϭ 25.
RESULTS
Self-renewing progenitor cells can be obtained from the retina of P1 mice. Primary cultures of dissociated GFP-transgenic mouse retina established a population of adherent cells within 24 hours of plating. In the supernatant, nonadherent cellular aggregates (neurospheres) appeared over the initial 5 days and increased in both size and number with time in culture. To investigate the proliferative capacity of the cells comprising these neurospheres, we dissociated them by gentle trituration. This procedure was followed by rapid regeneration of GFP ϩ neurospheres, consistent with the presence of progenitor cells within the cultured population. Immunofluorescence microscopy of neurospheres revealed not only high levels of sustained GFP expression (Fig. 1a) , but also widespread immunolabeling for the proliferation marker Ki-67 (Fig. 1b) and the primitive neuroepithelial marker nestin (Fig. 1c) . Immunocytochemical analysis of the adherent population demonstrated widespread nuclear staining for the nuclear transcription factor Sox2 (Fig. 1d) , a marker shown to be associated with neural stem cells. 22 In addition, the presence of morphologically distinct subpopulations was revealed by expression of the neuronal marker ␤-III tubulin (Fig. 1e ) and doublecortin (DCX; Fig.  1f ), a marker of migrating neuroblasts. 23 Cells staining for these last two markers also exhibited long, thin processes.
Different methods were used to demonstrate that GFP ϩ RPCs differentiate in culture and in vivo. In the first instance, RPCs were differentiated in culture by 7 days' exposure to 10% FBS (Figs. 1g-i ). These cells expressed the mature markers GFAP (Fig. 1g) , rhodopsin (Fig. 1h) , and MAP2 (Fig. 1i) , indicating differentiation along glial, rod photoreceptor, and neuronal lineages, respectively. In the second instance, RPCs were differentiated in vivo by transplantation to the dystrophic retina of rd mice (Figs. 1j-l) . In this setting, RPCs continued to express GFP (Fig. 1k) , whereas photoreceptor markers including rhodopsin (Fig. 1j) were expressed by many, but not all, grafted cells. In some cases, cells exhibited rod photoreceptorlike morphology together with photoreceptor marker expres- Examination of cultured RPCs before differentiation revealed expression of neurodevelopmental genes and surface markers. RT-PCR confirmed expression of nestin and Sox2, while also showing expression of other neurodevelopmental genes including Notch1, Hes1, Hes5, Sox2, Prox1, Mash1, numb, and NeuroD (Fig. 2) . Flow cytometric analysis demonstrated surface expression of GD 2 ganglioside, CD15 (LeX), and the tetraspanins CD9 and CD81 (Fig. 3) .
In rho Ϫ/Ϫ mice, transplanted RPCs not only integrated into the retina, but rescued host photoreceptors as well. As with rd hosts (Figs. 1j-l, top) , RPCs transplanted to rho Ϫ/Ϫ hosts survived, maintained GFP expression, and migrated throughout the retina (Figs. 4a, 4d-f) . The distribution of RPCs revealed migratory preferences for particular retinal layers, with the grafted cells elaborating neuritic arbors appropriate to their location. Comparison of the photoreceptor-containing outer nuclear layer (ONL) between grafted, sham-treated, and untreated rho Ϫ/Ϫ animals revealed increased ONL thickness in the grafted cohort (Figs. 4a-c) . Marker analysis of grafted retinas showed expression of recoverin within the surviving ONL, associated with host profiles as well as donor cells (Fig.  4d) . Labeling of cone opsin showed survival of host cones and double-labeling of a small subpopulation (Ͻ1%) of donor cells (Fig. 4e) . Unlike the findings in rd mice, in rho Ϫ/Ϫ animals the rod marker rhodopsin was not detected in either grafted RPCs or the host ONL (Fig. 4f) .
In terms of function, grafted RPCs conferred visual benefits to rho Ϫ/Ϫ recipients with retinal degeneration. This was determined with an exercise-wheel test. In this test, normal running behavior in the dark provided the baseline for light-mediated suppression, the threshold intensity of which served as a measure of light sensitivity. For all animals tested, the presentation of a light-stimulus during the dark phase of their diurnal cycle inhibited running in the wheel, with the degree of inhibition contingent on light intensity, degenerative status, and treatment condition. As a positive control, nondystrophic eGFP mice exhibited total suppression of wheel running across all light intensities, except 2.5 ft-c in group 1, compared with their activity during the same period in the dark (Fig. 5a) . Untreated dystrophic rho Ϫ/Ϫ mice showed only significant suppression at the brightest (20 ft-c) level of illumination. In RPC-transplanted animals, suppression was observed across all light intensities and animals in group 1 displayed significantly greater suppression than the sham-operated controls at 10, 5, and 2.5 ft-c illumination (F ϭ 5.89 df ϭ 2,5 P Ͻ 0.05), whereas those of group 2 showed significantly greater suppression across all intensities compared with fibroblast-transplanted control retinas (F ϭ 2.47 df ϭ 4,20 P Ͻ 0.05).
To examine the anatomy underlying the behavioral results, 3-D retinal maps were generated for treated and control rho Ϫ/Ϫ mice (Fig. 5b) . RPC-transplanted animals in group 1 showed significantly higher maximal photoreceptor density in the grafted right eye (RE) compared with the untreated dystrophic left eye (LE). Similarly, the mean photoreceptor map showed a small region of greater density in the RE than in the LE. In sham-treated control animals, no significant differences in maximum or mean photoreceptor density were observed between eyes. Photoreceptor density was significantly higher in eyes with RPC transplants than in sham-injected eyes. Photoreceptor density was reduced in group 2 compared with the younger animals in group 1, indicative of an ongoing degeneration readily apparent at 25 weeks after transplantation. Over- all, group analysis of RPC-transplanted animals showed no significant differences between eyes in maximum or mean photoreceptor density. Examination of individual animals in the RPC-transplant recipient group revealed small but significant changes in photoreceptor density in some cases, the region of photoreceptor survival being consistent with the location of initial subretinal injection. A significant difference in photoreceptor density was present in the fibroblast control animals, albeit with eyes reversed, apparently due to the deleterious effects of subretinal fibroblasts in the injected RE.
DISCUSSION
In previous work, we showed that transplanted NPCs integrate with the dystrophic retina in a mature rodent. 14 In the present study, we showed the first evidence that a type of NPC, derived from the neural retina, can develop into a photoreceptor after transplantation to retinal dystrophic mice. Specifically, that RPCs expressed recoverin and rhodopsin after transplantation to rd recipients and expressed cone opsin, together with rescuing light-mediated behavior, after transplantation in the rho Ϫ/Ϫ model. It is important to note that the results obtained Both maximum and mean retinal photoreceptor density maps are presented. RPC-recipient animals in group 1 showed significantly higher photoreceptor density in the treated RE, whereas sham-injected control retinas showed no significant differences between eyes. Photoreceptor density was reduced in group 2, consistent with ongoing degeneration at 25 weeks after transplantation. Group analysis of RPC-recipient animals did not show a significant difference between eyes. A significant difference was present in the control animals, with lower photoreceptor density in eyes with fibroblast grafts.
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in cultured progenitor cells were not found with either dissociated immature retina 9 or progenitor cells pretreated with the prodifferentiation cytokine ciliary neurotrophic factor (CNTF) (Yau WY, et al. IOVS 2004; 45 :ARVO E-Abstract 5388). In both of these latter situations, migration of donor cells into the retina did not occur, suggesting that the ontogenetic immaturity of CNS progenitor cells is a prerequisite for their migratory behavior and integrative plasticity.
Analysis of gene expression by eGFP-transgenic RPCs provided evidence of their primitive neurodevelopmental status. The gene products detected by immunocytochemistry and RT-PCR have known associations with either neural stem cells or neurogenesis, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] whereas the surface marker pattern detected by flow cytometry is identical with that detected in GFP-transgenic brain progenitors in our previous study. 32 These RPCs therefore appear to be analogous to the progenitor cells studied in of a variety of vertebrates, including fish, 33, 34 frogs, 35 birds, 36, 37 and mammals. 38 -41 The relationship between progenitor cells from the neural retina and the multipotent cells obtained from ciliary epithelium of the eye 42, 43 remains to be fully elucidated.
After transplantation to the posterior compartment of the eye, RPCs differentiate into cells of retinal lineage, with expression of recoverin, rhodopsin, or both, in the retina of rd and rho Ϫ/Ϫ hosts. In the degenerating retina of rd mice, RPCs took up residence in the ONL and in some instances appeared to differentiate into rod photoreceptors. In rho Ϫ/Ϫ hosts, RPCs migrated extensively, but preferred to integrate in the inner retina, where they exhibited a morphology suggestive of a retinal interneuron. A subpopulation of grafted cells expressed cone opsin; however, we obtained no evidence of differentiation into rhodopsinϩ rods in the rho Ϫ/Ϫ retina. The lack of rod differentiation is puzzling, but may relate to the complete absence of rhodopsin expression in rho Ϫ/Ϫ hosts. In the apparent absence of injury cues for rod disease, the extensive migration of RPCs to the inner retina may reflect a response to downstream remodeling, including loss of rod bipolar cells, as previously noted in retinal degeneration. 44, 45 RPCs were associated with photoreceptor rescue in the rho Ϫ/Ϫ retina. The greater thickness of the recoverin-positive ONL in grafted eyes cannot be explained by the presence of space-occupying donor cells, since the majority of GFP ϩ cells were in other layers. Furthermore, rescue was evident in ONL cell counts from which GFP ϩ cells were excluded. In RPCrecipient animals, but not sham-injected controls, photoreceptor density was higher in the treated eye and correlated with graft placement. Graft-associated rescue probably reflects an indirect neuroprotective effect, similar to that reported previously. 19,46 -48 There was no evidence of graft rejection in allogeneic rd hosts. 49, 50 The behavioral results indicate that grafted RPCs ameliorate the loss of luminance detection in dystrophic (rho Ϫ/Ϫ ) mice at low light levels. Preservation of visual function was observed over a 25-week period, extending into a stage with limited photoreceptor survival. Because the behavioral test is a simple luminance response, the melanopsin system could potentially account for the results. Such effects would, however, tend to be limited to high luminance intensity (20 ft-c), especially at the short time period observed. [51] [52] [53] [54] In this study, the sham group did not show suppression of wheel running below that stimulus level, indicating that the behavioral results observed at lower light intensities are a consequence of RPC grafting. How this is achieved is of considerable interest.
Possible mechanisms for the behavioral results could relate to rescue and functional upregulation of host systems or to the addition of new neural circuitry. The present results clearly provide evidence of rod photoreceptor preservation after RPC transplantation and, equally clearly, this does not account for behavioral rescue, because rho Ϫ/Ϫ rods lack rhodopsin and therefore cannot be functional. In contrast, the possibility of cone rescue and functional upregulation, particularly through an indirect mechanism, deserves consideration. Mutations in the rhodopsin gene are frequently causative in retinitis pigmentosa, although how this leads to rod photoreceptor death remains unclear. Even less clear is how rod death results in the eventual loss of cones, although the waning of a rod-derived, procone trophic influence has been postulated. 13 In the present study, rod rescue was clearly present. Although rod rescue cannot account directly for the behavioral benefits, this sparing could have long-lasting indirect effects on the cone system. There was also morphologic integration of donor cells in the inner retina, although the functional significance of this phenomenon is not known. The inner retinal reorganization that follows photoreceptor loss resembles a search by the remaining interneurons for synaptic input, 44, 45 and it is conceivable that the arrival of highly plastic RPCs results in the creation of more sensitive circuitry, possibly by a higher gain and lower threshold for photic stimuli.
Finally, although we found little evidence for repopulation of the rho Ϫ/Ϫ ONL with donor-specific photoreceptors, this possibility cannot be entirely discounted, given the advantage in light threshold conferred by even a small number of functional rods. Further work is needed to delineate the scope of CNS progenitor-associated photoreceptor rescue in retinal degeneration models, as well as the degree of synaptic integration and function of engrafted RPCs. Because of the technical difficulties associated with functional assessment in mice, extending this approach to large animal models is of great interest, as it would facilitate the examination of complex visual behavior, including visual acuity. Success in such an endeavor could point the way toward future clinical relevance.
